The bioactive effects of strontium released from surface pre-reacted glass-ionomer (S-PRG) fillers may aid in caries prevention. In this study, the local structure of strontium taken up by teeth was estimated by extended X-ray absorption fine structure analysis. Immersing teeth into S-PRG filler eluate increased the strontium content in enamel and dentin by more than 100 times. The local structure of strontium in enamel and dentin stored in distilled water was the same as that in synthetic strontium-containing hydroxyapatite (SrHAP). Moreover, the local structure of strontium in enamel and dentin after immersion in the S-PRG filler eluate was also similar to that of SrHAP. After immersion in the S-PRG filler eluate, strontium was suggested to be incorporated into the hydroxyapatite (HAP) of enamel and dentin at the calcium site in HAP.
INTRODUCTION
Surface pre-reacted glass-ionomer (S-PRG) fillers are prepared via an acid-base reaction between fluoroboroaluminosilicate glass and polyacrylic acid in the presence of water. A reacted glass ionomer phase layer forms on the filler surface. The pre-reacted phase of the fillers is able to release and recharge fluoride [1] [2] [3] . In addition, S-PRG fillers release several types of ions (e.g., fluoride, boron, silicate, aluminum, sodium, and strontium) 4) . The release of such ions prevents bacterial adhesion 5) , suppresses biofilm formation 6, 7) , prevents demineralization 8, 9) , and enhances remineralization 10, 11) . Like calcium (Ca), strontium (Sr) is an alkaline earth element and has similar physicochemical properties. Strontium exists in natural bone and teeth at a concentration of one hundred to several hundred parts per million (ppm) and may become incorporated in the Ca site of hydroxyapatite 12) . The cooperative effect of Sr and fluoride (F) ions on improving acid resistance and remineralization have also been reported [12] [13] [14] [15] [16] [17] . To reveal the effect of incorporating these ions into the tooth minerals, their distribution and chemical states in teeth need to be estimated.
With regard to the penetration and incorporation of Sr and F into the teeth, several investigators have studied the elemental distribution in natural teeth that were restored [18] [19] [20] [21] [22] . For example, Ngo et al. 18) reported that the average penetration depth of Sr and F from glass ionomer cement restoration into carious dentin was 818 and 701 µm, respectively. Knight et al. 19) also reported the penetration of Sr and F approximately 50 µm into sound dentin. Han et al. 20, 21) reported that the Sr and F released from S-PRG filler containing bonding agents penetrated dentin to a depth of several micrometers. Funato et al. 22) applied particle-induced gamma/X-ray emission (PIXE/PIGE) analyses of Sr and F incorporation into tooth enamel coated with S-PRG filler containing cavity varnish. With this new analysis method, the distribution of Sr and F incorporated from the varnish into the teeth could be estimated, and the incorporation distances of Sr and F were estimated as greater than 43 and 118 µm from the tooth surface, respectively. In these reports, the penetration depths of Sr and F were similar; the researchers thus suggested that dentin takes up both elements through ion exchange and contributes to remineralization. The S-PRG filler presumably releases various ions such as Sr, B, and F; thus, their release and uptake by the tooth surface may occur.
In the aforementioned studies, Sr penetration in the tooth surface was estimated. However, the local structure of incorporated Sr has not been determined because the analysis of a specific element that is at a low concentration is difficult using conventional structural analysis methods such as X-ray diffraction. X-ray absorption fine structure (XAFS) analysis is an elementspecific analysis. In the X-ray absorption spectrum, absorption steeply increases when the incident X-ray energy becomes equal to the binding energy of the core-level electron (i.e., the absorption edge). The fine structure of the spectrum just after the absorption edge reflects the electronic state and the surrounding structure of the target (i.e., excited) element. The absorption edge energy is an element-specific characteristic; therefore, the XAFS spectrum provides element-specific information of the target element.
The XAFS spectrum consists of the X-ray absorption near edge structure (XANES) and the extended XAFS (EXAFS). The XANES provides information about the electronic and chemical state, and the EXAFS provides information about the local structure of the target element. The fluorescence XAFS method makes it possible to analyze a specific element, even at low concentrations (i.e., from a few to several tens of parts per million 23, 24) . Using X-ray absorption spectroscopy, Bazin et al. 25) showed the similarity between synthetic SrHAP and bone in the surrounding structure of Sr. However, the adsorption and incorporation of Sr into teeth has not been well documented. In this study, we used XAFS analysis to determine the local structure of Sr naturally contained in teeth, doped Sr from S-PRG filler eluate into enamel and dentin, and Sr in synthesized Srcontaining hydroxyapatite (SrHAP).
MATERIALS AND METHODS

Surface pre-reacted glass-ionomer filler preparation
A mixture comprising 14.0 wt% silica (SiO2), 27.0 wt% mullite (3Al2O3•2SiO2), 19.0 wt% boric oxide (B2O3), 5.0 wt% cryolite (Na3AlF6), 29.0 wt% strontium fluoride (SrF2), and 6.0 wt% strontium carbonate (SrCO3) was heated and melted in an arc furnace at approximately 1,400°C for 2 h. The melted mixture was quenched in cold running water and dried to obtain a fluoroboroaluminosilicate glass frit.
The glass frit was ground with a dry ball mill and a wet-ground agitator bead mill. The resulting glass slurry was agitated with the addition of polysiloxane solution (SiO 2; 16 wt%), which had 2-6 degrees of condensation. It was aged at 50°C for 40 h, and then heat-treated at 150°C for 6 h in a heat dryer. The heattreated solidified material was then disintegrated in a cutter mixer to obtain a surface-treated glass filler. To obtain the S-PRG filler, the glass filler was sprayed with a polyacrylic acid aqueous solution (polymer content: 13.0 wt%; average molecular weight, 52,000) while being stirred in the cutter mixer, and then heat-treated in the heat dryer at 100°C for 3 h. The S-PRG filler was prepared as described in previous reports 4, 26) .
Enamel and dentin powder specimens
To simulate ion release from the S-PRG fillers into the water medium, the S-PRG filler eluate was prepared by mixing equal portions of the S-PRG filler (mean particle size, 3 µm) and distilled water (DW). The mixture was stirred for 24 h at room temperature, and the S-PRG filler was removed by centrifugation and filtration. The S-PRG filler eluate contained 150 ppm of Sr. Ten healthy human molars were sectioned and separated into enamel and dentin. The crude granules were finely ground by mortar into homogeneous enamel and dentin powders. One-half of the enamel and dentin powders (0.2 g each) were immersed in 50 mL of S-PRG filler eluate for 3 months, after which they were washed with DW three times, dried, and used in subsequent analyses. As a control, the other half of the enamel and dentin powders (0.2 g each) were maintained in 50 mL of DW for the same duration, and then dried and used in the same analyses. The enamel and dentin immersed in the S-PRG filler eluate are hereafter referred to as "S-PRG enamel" and "S-PRG dentin", respectively. In addition, the specimens immersed in DW are referred to as "DW enamel" and "DW dentin," respectively.
Strontium-containing hydroxyapatite (SrHAP)
SrHAP (composed of 2 wt% Sr in the preparation) was synthesized using the modified chemical precipitation method, as described in detail previously 27) . SrHAP was used in the XAFS analysis as the reference material.
X-ray absorption fine structure (XAFS) measurement
Approximately 0.1 g each of S-PRG enamel, S-PRG dentin, DW enamel, and DW dentin were placed in specimen holders (4 mm inner diameter, 0.8-mm-thick) and both sides were covered with a thin polyimide film (Kapton 50H film, 12.5-µm-thick; Du Pont-Toray, Tokyo, Japan). Strontium-containing hydroxyapatite and S-PRG filler were mixed with starch to 20 wt% in order to dilute the Sr concentration under dry conditions. Then, the powders were pressed into disks (10 mm diameter, 1-mm-thick) using a press die (PT-10, Jasco, Tokyo, Japan) at room temperature.
The Sr K-edge XAFS spectra were measured on BL-9A and BL-12C beamlines at the Photon Factory of the High Energy Accelerator Research Organization (Tsukuba, Japan). Synchrotron radiation from the electron storage ring (at 2.5 GeV with 450 mA) was monochromatized with a silicon (111) double crystal monochromator. Incident X-rays were focused into a 1-mm diameter beam by two bent conical mirrors. The I 0 and I signals were monitored using a nitrogen-filled ionization chamber. The Sr K-edge was scanned for the spectral range of 15.6-17.2 keV. The signals at each point were integrated for 4 s.
The XAFS spectra of the S-PRG enamel, S-PRG dentin, and SrHAP (i.e., the reference) were measured by the transmission method, and the spectra of DW enamel and dentin were measured by the fluorescence yield method using a 19-element solid-state detector (Canberra, Meriden, CT, USA). Measurement of XAFS spectra was carried out once for each specimen.
Extended X-ray absorption fine structure (EXAFS) analysis X-ray absorption of the target element generates a photoelectron. The emitted photoelectron is scattered by neighboring atoms, and its interference effects can be detected in the absorption spectrum oscillation (i.e., EXAFS oscillation).
The EXAFS oscillation, χ(k), is described by the following equation:
in which N is the coordination number of neighboring atoms of the excited atom (Sr in this study); R is the distance between the excited and neighboring atom; and f(k), δ(k), and σj are the scattering amplitude, the phase shift, and the disorder in the neighboring atom distance (i.e., Debye-Waller factor), respectively 28) . If the least-square fitting of χ(k) is known, then N and R are estimated by the least-square fitting analyses.
The EXAFS oscillations, χ(k), were extracted from the spectra using the spline-smoothing method of the EXAFS analysis programs Athena and Artemis version 0.8.056 (Athena Software, Waterloo, ON, Canada), and FEFF version 8.00 (University of Washington, Seattle, WA, USA) 29) . The EXAFS data were processed using the standard procedures summarized in a previous study 30) . The actual EXAFS spectra processing 31) and simulation of the crystal structure 32) were performed using the Artemis software, as described in the online documentation.
Quantitation of Sr in enamel and dentin
Twenty to 40 mg each of S-PRG enamel, S-PRG dentin, DW enamel, and DW dentin were weighed with an analytical balance (AEM-5200, Shimadzu, Kyoto, Japan) and dissolved in 5 N aqueous hydrogen chloride (HCl) at 60°C. The Sr concentration of the eluate and the aforementioned solutions were determined by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) (P-4010 spectrofluorometer, Hitachi, Tokyo, Japan). The reference solution of Sr was prepared with the ICP standard solution (1,000 ppm, Kanto Chemical, Tokyo, Japan).
RESULTS
The Sr concentrations estimated by inductively coupled plasma-atomic emission spectroscopy are shown in Table  1 . DW-immersed teeth contained approximately 100 ppm of Sr; this concentration increased by 100 times after immersion in the S-PRG filler eluate. The S-PRG dentin had an especially high Sr content at 16,500 ppm (1.65 wt%), which was greater than that of S-PRG enamel. The normalized Sr K-edge XAFS spectra of SrHAP, S-PRG filler, DW enamel, DW dentin, SPRG enamel, and SPRG dentin are shown in Fig. 1. Figure 1a shows the whole spectra of XANES and EXAFS regions and Fig. 1b shows the detailed spectra around the near edge (i.e., XANES region). The shape of the XANES spectra of DW-immersed teeth and S-PRG eluate-treated teeth (i.e., S-PRG enamel and S-PRG dentin) was similar to the shape of the SrHAP spectrum, which suggests that the chemical state of Sr in DW-immersed teeth is the same as that of SrHAP. The spectra of the S-PRG filler was only slightly different from that of SrHAP around the shoulder of 16,120 keV. Therefore, the chemical state of Sr in the S-PRG filler is only slightly different from that in SrHAP and the tooth specimens. Figure 2 shows the extracted k 3 -weighted EXAFS oscillation, χ(k). The χ(k) spectrum of SrHAP had split peaks (k=4-6 Å −1 ) and the χ(k) spectrum of the S-PRG filler had a simple single peak. Therefore, the area within k=4-6 Å −1 would be useful for identifying differences in the local structure of Sr. The χ(k) spectra of DW enamel, DW dentin, and S-PRG dentin showed split peaks similar to that of SrHAP. However, the χ(k) spectrum of S-PRG enamel showed a widened single peak (k=4-6 Å −1 ). Figure 3 shows the Fourier-transformed radial distribution function (RDF; transformed from k=2-8 Å
−1
for DW enamel and DW dentin and from k=2-10 Å −1 for S-PRG enamel and S-PRG dentin), which is presented as a function of the distances between the center atom (Sr) and neighboring atoms, and their coordination numbers. The RDF of the S-PRG filler showed a large peak centered at approximately 2 Å, which may have been derived from Sr-O first shell interactions; the second and outer shells were not evident because the S-PRG filler was in a glass (i.e., amorphous) state. Strontiumcontaining hydroxyapatite had a clear first shell centered at approximately 2 Å and a second shell centered at approximately 2.5-3.5 Å. This finding suggests that Sr in SrHAP is incorporated in a crystalline state. The RDFs of DW enamel, DW dentin, and S-PRG dentin were similar to that of SrHAP; however, the RDF of S-PRG enamel showed a weaker second shell peak. Thus, the local structure of Sr in DW enamel, DW dentin, and S-PRG dentin were similar to that of SrHAP; however, the local structure of Sr in S-PRG enamel was slightly different from that of SrHAP.
With regard to the crystalline structure of SrHAP, Borisov and Klevtsova 33) suggested that Sr is incorporated into the Ca I site. The relative coordination of Sr incorporated in HAP is shown in Table 2 . Figure 4 shows the RDF derived from SrHAP and the simulated RDF calculated from the aforementioned model. The first shell derived from Sr-O and the second shell derived from Sr-P are explained well by the model.
Fig. 1 The XAFS spectra of SrHAP, S-PRG filler, DW enamel (D-E), DW dentin (D-D), S-PRG enamel (S-E), and S-PRG dentin (S-D).
The original XAFS spectra using transmission method (a) and fluorescence yield method, (b) before normalization, (c) the normalized spectra of the XANES and EXAFS regions, and (d) the detailed spectra of the XANES region. Normalization of the XAFS spectra was carried out using the maximum absorbance at the absorption edge. DW=distilled water; EXAFS=extended X-ray absorption fine structure; SrHAP=strontium-containing hydroxyapatite; S-PRG=surface pre-reacted glass-ionomer; XAFS=X-ray absorption fine structure; XANES=X-ray absorption near edge structure.
After correcting for phase shift, the calculated Sr-O distance in SrHAP was 2.51 Å, based on the spectrum of SrHAP (Fig. 3) . The average Sr-O distances in the aforementioned model were 2.55 Å. Therefore, the estimated Sr-O distance of SrHAP is in good agreement with that suggested by the model.
DISCUSSION
The dental uptake of ions released from tooth restoration procedures and the resultant bioactive effects such as remineralization have been widely studied. The penetration of Sr and F released from the glass fillers into teeth was estimated using elemental distribution analysis methods.
To confirm the penetration and incorporation mechanism of Sr into teeth by ion exchange, the local structure of the Sr taken up by teeth needs to be analyzed. XAFS analysis provides element-specific information concerning the chemical species and the Fig. 2 The k 3 -weighted χ(k) spectra of SrHAP, SPRG filler, DW enamel (D-E), DW dentin (D-D), S-PRG enamel (S-E), and S-PRG dentin (S-D). SrHAP=strontium-containing hydroxyapatite; S-PRG=surface pre-reacted glass-ionomer.
Fig. 3 The radial distribution function (RDF) of SrHAP, S-PRG filler, DW enamel (D-E), DW dentin (D-D), S-PRG enamel (S-E), and S-PRG dentin (S-D).
SrHAP=strontium-containing hydroxyapatite; S-PRG=surface pre-reacted glass-ionomer. Table 2 Crystal structure parameters for strontium-containing hydroxyapatite surrounding structure of the target element. Therefore, it is suitable for structural analyses of ions that have penetrated into teeth. Takatsuka et al. 34) examined the local structure of zinc taken up by dentin using EXAFS analysis and concluded that zinc gets incorporated into the calcium I (Ca I ) site of HAP. In the present study, the local structure of Sr taken up by tooth enamel and dentin was estimated by EXAFS analysis.
The χ(k) spectrum of SrHAP had split peaks (k=4-6 Å −1 ) and the χ(k) spectrum of S-PRG filler had a simple single peak, as shown in Fig. 2 . Therefore, this area would be useful for identifying Sr incorporation into HAP. The χ(k) spectra of DW enamel and DW dentin had split peaks similar to that of SrHAP. In addition, SPRG dentin, which is Sr-doped dentin obtained by S-PRG eluate immersion, showed a similar χ(k) spectrum. In addition, their RDFs were similar to that of SrHAP, as shown in Fig. 3 . Fig. 4 The radial distribution function (RDF) of SrHAP and the simulated spectrum of the SrHAP model 33) . SrHAP=strontium-containing hydroxyapatite. Table 3 The estimated distances from Sr (center atom) to O (RO) and P (RP), and the coordination numbers of O (NO) and P (NP) of SrHAP, DW-immersed teeth, and S-PRG-treated teeth (enamel and dentin) The Debye-Waller factors of O and P (i.e., σO and σP) are fixed at 0.099 and 0.084, respectively. DW=distilled water; S-PRG=surface prereacted glass-ionomer filler; SrHAP=strontium-containing hydroxyapatite.
S-PRG enamel treated by S-PRG filler eluate immersion showed slightly different results. In the χ(k) spectra, S-PRG enamel showed a widened single peak (k=4-6 Å −1 ) (Fig. 2) . The RDF showed a clear first shell assigned to Sr-O, but a slightly weaker second shell assigned to Sr-P, compared to SrHAP, DW-immersed teeth, and SPRG dentin (Fig. 3) . If Sr was in the non-ordered state, e.g. amorphous state, its EXAFS oscillation and RDF would be simpler, compared to those of S-PRG filler in Figs. 2 and 3 . Thus, Sr in the DW-immersed teeth and S-PRG-treated teeth may be in a crystalline state. Considering previous studies of Zn and Sr in HAP 33, 34) , incorporation of Sr into the Ca site of HAP might have occurred.
The estimated distances from Sr to O (i.e., the first shell) and Sr to P (i.e., the second shell), and the coordination numbers of SrHAP and tooth specimens estimated by the simulation (Fig. 4) are tabulated in Table 3 . The estimated distances (R O and RP) were not different between the specimens. However, the coordination numbers of O (NO) and P (NP) in enamel and dentin were lower than those in SrHAP. In particular, the decrease in the P coordination in enamel and in dentin was less than one-half that of SrHAP, and S-PRG enamel showed the smallest P coordination. These results suggest a difference between SrHAP and teeth in the surrounding structure of Sr. Compared to the synthesized SrHAP, the surrounding structure of Sr contained in teeth would contain structural disorder and have low crystallinity.
The concentration of Sr in dentin increased greatly after its immersion in the S-PRG filler eluate and this concentration was greater than that of enamel. The porous and tubular structure of dentin facilitated Sr penetration. By contrast, Sr in S-PRG enamel showed slightly different EXAFS oscillation and the resultant RDF in comparison to S-PRG dentin.
The difference in the size of HAP crystals in enamel and dentin may be responsible for the difference in Sr uptake. The average diameter of HAP crystals in enamel and dentin is 30-40 nm 35) and 2.5 nm 36) , respectively. Thus, because the diameter of HAP crystals is more than 10 times greater in enamel, Sr uptake and its incorporation into HAP in the enamel is more difficult.
In this study, Sr in DW enamel and dentin (which were originally incorporated in teeth) was suggested to be incorporated into the Ca site of HAP. The immersion of teeth in the S-PRG filler eluate increased the Sr content in enamel and dentin by more than 100 times. Sr in S-PRG eluate-treated teeth would also be incorporated into the Ca site of HAP. Thus, Sr doped from S-PRG filler eluate can get incorporated into the Ca site of HAP in teeth, and this process could be a reason for improved acid resistance and remineralization of teeth by Sr.
CONCLUSION
The Sr uptake by the teeth that underwent S-PRG filler eluate immersion was estimated. The Sr contents in enamel and dentin were estimated by ICP-AES to have increased more than 100 times after this immersion. The local structure of Sr incorporated into dentin and enamel after immersion in the S-PRG filler eluate could be estimated by EXAFS analysis. The local structure of Sr in DW enamel and DW dentin was the same as that of synthetic SrHAP. The local structure of Sr in doped enamel and dentin from S-PRG eluate was similar to that in SrHAP. Sr was incorporated into the Ca site of HAP in teeth, but a slight difference of EXAFS oscillation and RDF were observed between S-PRG enamel and others. This difference in uptaken Sr may be because of the difference in the size of the HAP crystals in enamel and dentin. Thus, Sr supplied from S-PRG fillers may be incorporated into the Ca site of HAP.
